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Distinct from That of Retroviruses
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Human foamy virus (HFV) is the prototype of the Spumavirus genus of Retroviridae. In all
other retroviruses, the po/ gene products, including reverse transcriptase, are synthesized
as Gag-Pol fusion proteins and are cleaved to functional enzymes during viral budding
or release. In contrast, the Pol protein of HFV is translated from a spliced messenger RNA
and lacks Gag domains. Infectious HFV particles contain double-stranded DNA similar in
size to full-length provirus, suggesting that reverse transcription has taken place in viral
particles before new rounds of infection, reminiscent of hepadnaviruses. These data
suggest that foamy viruses possess a replication pathway containing features of both
retroviruses and hepadnaviruses but distinct from both.

The retroviral replication pathway is un-
derstood in great detail, and it has been
assumed that all members of the Retroviri-
dae family use the same mechanisms for
assembly and reverse transcription (I1). The
three main types of viruses in this family,
onco-, lenti-, and spumaviruses (foamy vi-
ruses), have similar genomic structures.
They all encode three genes, 5'-gag-pol-env-
3', that are required for production of in-
fectious particles. The encapsidated genome
in all well-characterized retroviruses is a
dimer of single-stranded RNA. After infec-
tion, reverse transcription produces DNA
flanked by long terminal repeats (LTRs)
containing important cis-acting elements.
Another retroviral hallmark is the presence
of a primer binding site located 3’ of the 5’
LTR for binding of tRNAs, which serve as
primers for initiation of reverse transcrip-
tion, to the genomic RNA. The foamy vi-
ruses have not been studied as extensively
as the other genera, but given these struc-
tural similarities, it was assumed that foamy
virus replication followed the retrovirus
paradigm. In the onco- and lentiviruses
(conventional retroviruses), the pol gene
products (protease, reverse transcriptase,
and integrase) are synthesized as part of a
Gag-Pol fusion protein. Gag-Pol is pro-
duced from genomic RNA about 5% of the
time through one of two mechanisms for
translation past a termination signal at the
end of gag. In some retroviruses this occurs
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by —1 ribosomal frameshifting, and in oth-
ers by use of a suppressor tRNA (2). Pol is
assembled into virions by means of the Gag
assembly domains on the polyprotein. Dur-
ing viral assembly, protease is activated and
Gag and Gag-Pol are cleaved to the mature
viral proteins (3). One consequence of this
pathway is' that activation of reverse tran-
scription occurs only when the protein is
encapsidated along with its genomic RNA
template. Most reverse transcription occurs
after new cells are infected.

Unlike the conventional retroviruses,
HEFV’s largest pol gene product is an approx-
imately 125-kD protein that does not con-
tain any Gag protein determinant (4, 5).
We therefore considered that another
mechanism exists for HFV Pol synthesis.
Spliced mRNAs are used for synthesis of
Env glycoproteins and nonstructural pro-
teins (such as Bell and Bet; Fig. 1A) locat-
ed at the 3’ end of the genome. The only
nonstructural protein with a known func-
tion is Bell, which is a transcriptional
transactivator (6). All these subgenomic

Fig. 1. (A) Structure of the
HFV provirus showing loca-
tions of the 5'ss and the
translational start codons in
gag and pol. R, terminal re-
dundancy; U5, unique 5’ se- \ ;
quence; PBS, primer binding \ s ,/
site; MA, matrix domain; CA,
capsid domain; NC, nucleo-
capsid domain (extending to
the end of Pr74Gag); PR,
protease; RT, reverse tran-
scriptase; RH, ribonuclease
H; IN, integrase. Location of 51
the primers used for RT-PCR
analysis are shown (8). (B)
Sequence determined at the
breakpoint in the 0.6-kb RT-
PCR product; the consensus
nucleotides at the splice sites are shown in italic.

SCIENCE e« VOL.271 ¢ 15MARCH 1996

e REPORTS

RNAs use the same 5’ splice site (5'ss)
located 51 nucleotides from the 5" end of
the genomic RNA (7). We investigated the
possibility of a spliced pol mRNA by using
the reverse transcriptase polymerase chain
reaction (RT-PCR) to amplify cellular
RNA from HFV-infected cells (8). Primers
were chosen to produce PCR products in-
cluding the major 5’ss and part of the pro-
tease domain of pol (Fig. 1A). These prim-
ers should yield a ~2.4-kb product from
genomic-length RNA, and a considerably
shorter product from a spliced pol RNA.
Total RNA was extracted from human em-
bryonic lung (HEL) fibroblast cells acutely
infected with HFV (9) derived from the
molecular clone pHFV13 (10). A RT-PCR
product of 0.6 kb was detected from infect-
ed but not uninfected cells. DNA from this
band was cloned, and the splice site se-
quenced (Fig. 1B). There is juxtaposition of
the major 5’ss and a consensus 3'ss, creating
a splice junction at nucleotides 51 and 1848
at the 3’ end of the capsid domain of Gag.
The AUG at nucleotide 2340 in this RNA
is the start of the pol open reading frame.

As further confirmation of the existence
of a spliced pol mRNA, a primer extension
assay was developed in which two oligonu-
cleotide primers spanning the pol 5'ss and
3’ss (Fig. 2A) were used to produce exten-
sion products from a control spliced RNA
but not an unspliced RNA (Fig. 2B, lanes 3,
4,11, and 12). We could detect the spliced
pol mRNA in HFV-infected cells (lanes 1
and 9). Although this assay is not quanti-
tative, comparison of the intensity of the
extension products obtained with primers 4
and 7 (lanes 1 and 9), which are specific for
spliced RNA, with that from the unspliced
genomic RNA primer 5 (lane 5), suggests
that pol mRNA is not abundant in infected
cells. As a further control, we could not
detect any spliced pol product using total
nucleic acid isolated from virions (11).

To determine whether this putative pol
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mRNA is used for Pol translation, we intro-
duced two mutations into the infectious
clone that altered the 3’ss upstream of nu-
cleotide 1851 but did not change the read-
ing frame of the Gag protein (Fig. 3A).
DNA encoding this 3'ss mutant was trans-
fected into baby hamster kidney (BHK21)
cells and viral supernatants were tested in
the foamy activation of B-galactosidase
(FAB) assay, which measures the ability of
a virus to transactivate the HFV LTR (9).
The HFV 3’ss mutant clone could not pro-
duce infectious virions (Table 1). Results
from immunoprecipitations with a-Pol or
a-Gag serum show that in wild-type—trans-
fected cells the expected Pol proteins of 125
and 80 kD (4) were detected, whereas no
Pol proteins were detected in lysates of cells
transfected with the 3’ss mutant (Fig. 3B,
left panel). Gag protein could be readily
detected in the mutant-transfected cells,
indicating similar transfection efficiencies
(Fig. 3B, right panel). In wild-type—trans-
fected cells, the 78-kD Gag precursor
(Pr78Gag) could be detected as well as the
74-kD cleavage product (P74Gag) (12),
which is generated by the virally encoded
protease (5). In the mutant-transfected
cells, no 74-kD cleavage product was seen.
This is expected because protease is includ-
ed in the precursor Pol protein. In HFV
infection, further cleavage of precursor Gag
to mature virion proteins is not readily de-
tected. These data show that the splice site
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Fig. 2. (A) Expected primer extension products from
HFV-infected cellular RNAs. The primers used as indi-
cated by the dark lines are as follows: primer 7, 5'-TC-
TCCTCTGGCAT TAAGGC//CA-3' (nucleotides 1866 to
1847 and 51 to 50); primer 5, 5'-ATAAAATATTTCT-
TACCAAAC-3' (nuclectides 67 to 46); and primer 4,
(nucleotides
1863 to 1847 and 51 to 46). Primers 7 and 4 span the
splice junction site for the po/ MRNA, whereas primer 5
is complementary to the unspliced genomic RNA at the
5'ss. Vertical lines indicate nucleotides of homology
with RNA in cases in which no products were detected,

5'-CCTCTGGCAT TAAGGC//CAAAC-3’

in gag is absolutely required for Pol protein
synthesis.

We next asked whether the 3’ss mutant
could complement two mutants defective in
the gag gene (GagH1 and GagH3; Fig. 3C).
These mutants contain substitutions in the
glycine-arginine-rich regions of the nucleo-
capsid domain and are noninfectious, al-
though they produce both Gag and Pol
proteins (13) (Table 1). We found that
cotransfection of the 3’ss mutant DNA and
either of the Gag mutant DNAs yielded
infectious virus (Table 1). The two Gag
mutants could not complement each other,
demonstrating that we were not detecting
DNA recombination. In contrast, in con-
ventional retroviruses, Gag and Pol mutants
cannot complement each other because the
Gag portion of Gag-Pol cannot substitute
for Gag in viral assembly (14). We also
created a double stop codon in the gag gene
3’ of the nucleocapsid domain, in the re-
gion cleaved from Pr78Gag. This mutation
allows synthesis of P74Gag and a truncated
version of P78Gag (Fig. 3C). If a frameshift
were required for synthesis of Pol, then this
mutation should prevent replication. How-
ever, transfection of the GagStop plasmid
into cells allowed production of infectious
virus (Table 1). Because termination before
the normal gag UAG in the pol overlap
region allows viral replication, this result
argues against a frameshift mechanism for
Gag-Pol synthesis.
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RNAs were transcribed in vitro from DNA of Bst XI-

digested pSGC6 (C6) (spliced control) or Xho I-digested pSGC10 (C10) (unspliced control), with SP6 or
T3 polymerase, respectively. Plasmid pSGCB8 was generated by deleting a Hind Ill-Sma | fragment from
pSGC5 (8). pSGC10 was constructed by inserting the 361-nuclectide Xba |-Nar | fragment from pHFV13
(—12 to +349) into pBluescriptSKIl vector (Stratagene) digested with Xba | and Cla . The gray and black
boxes indicate the exons for po/ mRNA, and the white box indicates the gag intron. (B) Results from the
primer extension assays. Each lane contained 20 pg of cellular RNA from uninfected (un) or infected HEL
fibroblast cells collected 2 days after infection or 0.2 pg of control RNA mixed with 3 x 108 cpm of
[#?PJoligonucleotide (10 ng). Lane M shows molecular size markers (in kilodaltons) prepared from Msp
l-digested pBR322. Black arrows indicate extension products from spliced mRNA and the white arrow
indicates those from unspliced genomic RNA. Expected extension products from control RNA are

indicated by asterisks.
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There have been no published reports
of the structure of the HFV encapsidated
genome. We obtained initial data for the
presence of DNA as well as RNA in HFV
particles using PCR and RT-PCR (13). To
analyze more critically the size of this
DNA and determine whether it is actually
encapsidated within infectious viral parti-
cles, we fractionated HFV supernatant
particles on a sucrose density gradient and
then analyzed fractions for the size of the
HFV DNA on a Southern (DNA) blot
and for infectivity with the FAB assay. We
found a broad peak of infectivity at a
density of about 1.14 to 1.18 g/ml (Fig.
4A). DNA of about proviral size [~12 kb
as determined from other gels (13)] was
also found in this peak when a plus-strand
viral-specific probe that would not hybrid-
ize to viral RNA was used (Fig. 4B). DNA
of this size also hybridized to a minus-
strand probe. In preliminary restriction
mapping studies, we could not detect any
large deletions in the packaged DNA rel-
ative to the HFV provirus (13). From sep-
arate titration experiments with control
plasmid DNA containing full-length
HFV, we calculated that there is about
one copy of proviral-length DNA per six
to nine viral particles (15). Other retrovi-
ruses, such as murine leukemia virus and
human immunodeficiency virus—type 1,
contain some viral DNA, but only 1072 to
1072 copies of short and ~107> copies of
full-length DNA are present in virions per
RNA molecule, so that DNA can be de-
tected only by PCR (16). HFV contains
substantially more proviral length DNA in
extracellular virions, indicating that re-
verse transcriptase of HFV Pol is active in
preassembly complexes, in virions before
infection of new cells, or both, similar to
the reverse transcription pathway of hep-
adnaviruses. Preliminary experiments with
inhibitors of reverse transcriptase indicate

Table 1. Infectivity after transfection of HFV mu-
tant proviruses. Ten micrograms of each plasmid
DNA was used to transfect BHK21 cells. In cases
in which two plasmids were cotransfected, 6 ng
of each was used. Two days after transfection, 5
ml of supernatant was collected, filtered, and test-
ed in the FAB assay (9). A negative result indicates
that no infectious virions were detected; + indi-
cates a titer of 10" to 10? infectious units per
milliliter; ++ indicates 102 to 103 per milliliter; and
+++ indicates =10* per milliliter.

Proviral DNA Infectivity
Wild type +++
Pol 3'ss -
GagStop +
GagH1 -
GagH3 -
GagH1 + GagH3 -
Pol 3'ss + GagH1 ++
Pol 3'ss + GagH3 ++




that additional reverse transcription is re-
quired for HFV infectivity. This is consis-
tent with our finding that DNA extracted
from virions is not infectious (13).

The data presented here demonstrate
that, unlike the conventional retroviruses,
expression of HFV Pol requires a spliced
mRNA and that reverse transcriptase is
activated before release of infectious viri-
ons. In many respects, the organization of
the HFV genome is similar to other retro-
viruses, such as the presence of a PBS com-
plementary to tRNA,| ,"* at the 5" end of the
genome (17) and the order of the major

Fig. 3. Viral proteins synthesized by the 3'ss mu-
tant. (A) The 3'ss mutant was constructed by a
two-step PCR method in which TTA (nucleotides
1844 to 1846) was mutated to CTC (asterisks)
without changing the Leu coding sequence. In the
first PCR reaction, either combinations of primers
MB (5'-TACGCCCGGGAACTGGAGAGCCTCC-3')
(nucleotides 1384 to 1398) and SS\ -1 (5'-CTCT-
GGCATTAAGGCCGAGAAT TTCATATACAGCAT-
TTAG-3') (nucleotides 1823 to 1862) or primers
SS\c2 (5'-CTAAATGCTGTATATGAAATTCTCG-
GCCTTAATGCCAGAG-3') (nucleotides 1823 to
1862) and MY (5'-TACGCCCGGGGICCCTTTGA-
TCTCC-3') (nucleotides 2375 to 2389) were used to
amplify DNA fragments of 489 or 576 bp from
pHFV13. Both fragments were used as templates in
the next round of PCR reactions with primers MB
~_and MY, and the resulting fragments were then used
to replace wild-type (wt) sequences in the pHFV13
infectious clone. All mutations were confirmed by
DNA sequencing. (B) Viral proteins in cells trans-
fected with the 3'ss mutant. Control DNA (10 pg) or

genes. However, in other retroviruses, Pol is
assembled into particles through Gag do-
mains in the Gag-Pol fusion protein (18)
and the protease is activated in particles
(3), after which a tRNA-Pol complex binds
to the primer binding site (19). There are
marked similarities between HFV and hep-
adnaviruses such as hepatitis B virus
(HBV). In both, the viral structural (core)
protein is not cleaved in virions and its
carboxyl end contains stretches of basic
amino acids that interact with DNA (13,
20). In HBV, reverse transcriptase (P pro-
tein) is translated from genomic-length
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plasmid containing proviral DNA from either wild-type (wt) or two clones of the 3'ss mutant was transfected
into BHK21 cells with LipofectAmine (Gibco/BRL). Two days after transfection, cells were labeled with
[*®S]methionine, and cell extracts were immunoprecipitated with rabbit antibody to ribonuclease H (24) (Fig.
2B, left) or antiserum to Gag? (25) (Fig. 2B, right); un, untransfected BHK21 cells. (C) The mutants including
GagStop, GagH1, and GagH3 were constructed in a similar manner as the 3'ss mutant. In GagStop,
termination codons (TAATAG) were inserted at nucleotide 2297 after the end of the NC domain and in frame
with gag coding sequences. The mutation is 31 amino acids before the end of Gag but is not in the Pol open
reading frame. In GagH1 and GagH3 the glycine-arginine motif GR box | (nucleotides 1897 to 1930) or GR
box Il (nucleotides 2082 to 2115) (26) was replaced with an 11-amino acid epitope tag derived from the

influenza hemagglutinin protein (27).

Fig. 4. Sucrose gradient A
fractionation of HFV ex-
tracellular particles. Con-
centrated (500X) HFV vi- R r
rus suspension (0.2 mi) i Ny
from chronically infected
H92.1.7 cells (28) was
layered on a 20 to 60%
sucrose gradient. Four- 103/
teen equal fractions were ]
collected after centrifu-
gation and densities de-
termined. Samples of
each fraction were tested
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with the FAB assay for infectivity (9). The remainder of each fraction was pretreated with deoxyribonu-
clease |, and nucleic acid was isolated from SDS-lysed virions through use of phenol-chloroform extrac-
tions. (A) Plot of the infectivity (closed circles) and density (open boxes) of each fraction. (B) Southern blot
analysis of nucleic acid extracted from each fraction. Nucleic acid was digested with pancreatic ribonu-
clease A before subjection to Southern blot analysis with a 32P-labeled plus-strand RNA probe containing
HFV sequences from the 5’ LTR, gag, and pol. Lane M shows molecular size markers (\ DNA digested
with Hind Ill) in kilobase pairs. The density of each fraction in grams per milliliter is indicated at the bottom.
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RNA by an internal initiation mechanism.
Once synthesized, P binds in cis to its own
mRNA through a specific region called &,
possibly cotranslationally (21). P itself con-
tains a priming domain, and the DNA prod-
uct is covalently linked to the reverse tran-
scriptase protein (22). Long reverse tran-
scription products appear to require inter-
action between RNA, P, and the core
structural protein in a preassembly complex
(23). Genomes found in extracellular HBV
particles contain gapped circular DNA mol-
ecules rather than RNA. Thus, the bulk of
HBV DNA synthesis occurs in a particulate
complex and little occurs in the newly in-
fected cells. Both the retroviral and hepad-
naviral assembly mechanisms ensure se-
questration of active reverse transcriptase in
particles and away from cellular mRNAs.
From our data, HFV follows neither
paradigm. The mechanism of Pol incorpo-
ration into HFV particles is as yet un-
known. One possible mechanism for com-
partmentalization of HFV Pol protein is
the presence of domains in the Pol protein
that bind with high affinity to Gag do-
mains, leading to rapid encapsidation of
Pol into nascent particles. It is also possi-
ble that HFV Pol binds with high affinity
to the primer binding site region of its
genome within cells before encapsidation
and binding of the tRNA primer. As for
all other known retroid elements, the
foamy virus replication pathway will prob-
ably confine reverse transcriptase activity
to particle-associated genomes. Foamy vi-
ruses share features of the assembly path-
way of both retroviruses and hepadnavi-
ruses, but aspects of assembly and reverse
transcription are unique to this group. The
divergence of HFV from the mode of rep-
lication of the other retroviruses, despite
great similarities in genome structure, in-
dicates that there is an unexpected plas-
ticity in retroviral replication pathways.
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administration of a potent inhibitor of HIV-1 protease. Productively infected cells were
estimated to have, on average, a life-span of 2.2 days (half-life t, , = 1.6 days), and plasma
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minimum duration of the HIV-1 life cycle in vivo is 1.2 days on average, and that the
average HIV-1 generation time—defined as the time from release of a virion until it infects
another cell and causes the release of a new generation of viral particles—is 2.6 days.
These findings on viral dynamics provide not only a kinetic picture of HIV-1 pathogenesis,

but also theoretical principles to guide the development of treatment strategies.
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found that when a protease inhibitor was
administered to infected individuals, plas-
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decay after the use of inhibitors of HIV-1
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stand the kinetics of these two viral com-
partments more precisely, we closely mon-
itored the viral load in five HIV-1-infect-
ed patients after the administration of a
potent protease inhibitor. Using a mathe-
matical model for viral dynamics and non-
linear least squares fitting of the data, we
obtained separate estimates of the virion
clearance rate, the infected cell life-span,
and the average viral generation time in
vivo.

Ritonavir (4, 5) was administered orally
(600 mg twice daily) to five infected pa-
tients, whose base-line characteristics are
shown in Table 1. After treatment, we mea-
sured HIV-1 RNA concentrations in plas-
ma at frequent intervals (every 2 hours until
the sixth hour, every 6 hours until day 2,
and every day until day 7) by means of an
ultrasensitive modification (I, 5) of the
branched DNA assay (6). Each patient re-
sponded with a similar pattern of viral de-
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cay: an initial lag followed by an approxi-
mately exponential decline in plasma viral
RNA (see Fig. 1 for examples).

After ritonavir was administered, a de-
lay in its antiviral effect was expected
because of the time required for drug ab-
sorption, distribution, and penetration
into the target cells. This pharmacokinetic
delay could be estimated by the time
elapsed before the first drop in the titer of
infectious HIV-1 in plasma (Table 1 and
Fig. 1B). However, even after the pharma-
cokinetic delay was accounted for, a lag of
~1.25 days was observed before the plas-
ma viral RNA concentration fell (Fig. 1).
This additional delay is consistent with
the mechanism of action of protease in-
hibitors, which render newly produced
virions noninfectious but do not inhibit
either the production of virions from al-
ready infected cells or the infection of new
cells by previously produced infectious
virions (7). In our previous study (1), this
additional delay was missed because mea-
surements were less frequent (every 3
days), and the results were fitted to a
single exponential, which was sufficient to
provide minimum estimates of HIV-1 ki-
netics. In contrast, in the present study,
we obtained 15 data points during the first
7 days, which allowed a careful analysis of
the results by means of a new mathemat-
ical model of viral kinetics.

We assumed that HIV-1 infects target
cells (T) with a rate constant k and causes
them to become productively infected cells
(T*). Before drug treatment, the dynamics
of cell infection and virion production are
represented by

d*——k\/l 3T* 1
de a (1)
dv-—NBl* % 2
de - c 2)





